The Ancient Roman water supply systems still leave us astonished when admiring the solidity of the ruins of aqueducts surviving around Europe. Some parts of these systems are still in use at present and prove the practical efficiency of Roman hydraulics in the principles acquired from the populations living in the different regions of the Empire. In Pompeii the urban water supply system stands as a clear example of the Roman planning of urban complex networks by using small water towers to serve a limited numbers of users. This allowed to control the derivations and their maintenance and operated a disconnection from the high pressure mains and the low pressure pipes, maintaining a fixed maximum height of water over the final points of discharge. Considering the techniques for pressure reduction as a method to control leakages, this paper examines the ancient Roman water supply system to deduce some applications to modern urban networks built in new housing establishments.
Introduction
The description of the ancient Roman water supply system is contained in some details in the technical recommendations of the Latin writers: Vitruvius (De Architectura, VIII, pressure areas. Water conducted from the upstream springs was introduced through pressure pipes into local tanks elevated on pillars so that they could serve a limited number of users.
In this way low pressure areas were disconnected from high pressure mains, so that bursting and leakages could be limited. Looking at the modern techniques aiming to achieve water leakage reduction, pressure containment methods are outlined from IWA in many publications (Thornton, 2003; Brothers, 2005; Thornton et al., 2005) . Considering the direct relationship between leakage and internal pressure (Smith, 1999) , the local reservoirs, having a maximum fixed level and an overflow, act as a disconnection chamber and generate more even pressure within the network. Different numbers of customers in Roman times were served by towers, avoiding connections to be fitted directly into the street mains. This paper introduces some roman hydraulic techniques and explores the possibility to use small water tanks within modern pressure reduction strategies for leakage reduction. The roman water supply system
The Romans transported water to the cities such as in a "river flow", in fact they called their channels "Rivus". A general outline of the components of the Roman water supply system is given in Figure 3 . The building of a new aqueduct started with the search for a spring as described by Vitruvius (op.cit, Book VIII, Chapter 4). Water was collected after permeating trough vaults and walls of draining channels if the spring was not emerging to surface, and settled (Mucci, 1995) . Typical arrangements are shown in Figure 4 . Water was introduced into channels, whose section was typically rectangular, made with brick masonry or slabs of stone, and sealed with hydraulic cement (Opus Signinum). The channel was covered with a masonry vault or slabs of stone laying in horizontal or roof shape (Corsetti, 1937; Ashby, 1991; Aicher, 1995; Hodge, 2002) .
From the spring down to the city the water flowed in an open channel flow, and air was present at all times over the water surface. The slope had to be constant (Vitruvius, op. cit, Book 8, Par 6). Vitruvius himself gives a range between 0.0025 and 0.005 m/m. More information on the slope of existing aqueducts can be found in Lanciani (1967), Lugli (1970), and Reina et al. (1917) . To maintain a constant slope the channel crossed valleys in siphons, wherever this couldn't be avoided ( Figure 5 , Hodge, 2002) . When the constant slope requirements imposed the channel to run higher than the ground level, it was laid over sustaining structures (substruziones). With various heights of a number of metres the channels run on arches often laid in different orders, as for bridges. Sizes and materials of arches varied according to local customs ( Figure 6 ). During its course the channel entered into a so called "Piscina Limaria", a sedimentation tank to settle particulate impurities (Frontinus, op. cit., 19; Cagnat and Chapot, 1916-0920; Pace, 1983) . Once approaching the city the channel flowed into a partitioning tank called "Castellum Divisorium" (Perkins, 1994) . The tank was subdivided in basins and channels with masonry walls and weirs (Figure 7 , Pompeii). The partitioning function was planned to regulate the waters flowing into the urban pressure pipes, made of lead, terracotta or wood (Hodge, 2002) . The description of the principles governing the operation of the castellum divisorium is given by Vitruvius (op.cit, Book 8, chapter 6, par. 1-2).) The best preserved examples are Nimes and Pompei Castella (Richardson, 1989) . Figure 7 reports the plan, picture of the façade and view of the inside of Pompeii Castellum Divisorium, placed in the highest point of the city, near Porta del Vesuvio.
The pressure pipes served other reservoirs (Castella) in the city, as reported for the case of Rome. They had a storage function, designed to supply for the fluctuations of demand. In many cases the castella had an urban water display attached, the Nimpheum (Cagnat and Chapter V, 1916) , where water was allowed to fall in cascades within niches and statues (Figure 8 ). From the castella the water run into high pressure pipes to secondary "Castella Privati", small water towers (Hodge, 2002) , serving a limited number of public and private users (Figure 3 ). Water towers system can be appreciated by visiting Pompeii ruins.
Pompeii urban water supply system
The study of Pompeii ruins gives a clear understanding of the urban water supply as intended by Romans (Richardson, 1989) . From the castellum divisorium three mains lead the water to different parts of the city filling water towers. The water towers (Castella Privati, Frontinus, op. cit.) were lead tanks positioned over brick masonry pillars, 6 metres tall, located at crossroads and connecting small numbers of customers. They also supplied Figure 9 . The single user paid to derive some amount of water for his premises (domus, taberna). The water was metered by means of bronze orifices, the calices (Pace, 1983) connecting the customers pipes (usually Quinariae pipes) to the castellum privatum lead tank ( Figure 10 ). In Pompeii case calices are placed at the bottom of the lead tanks, and pipes fit into cavities left in the brick pillars. The quinaria pipe measured about 2.31 cm internal diameter. The lead tank of the water tower acted as a disconnection between system at high pressure upstream and the customers' pipes downstream.
To fit water derivation pipes elsewhere than in the castellum privatum was against the regulations. The only connection available had to be arranged with the water office discussing the quantities for consumption (Frontinus, op.cit., . This system of supply clearly shows that water towers could break down the pressure built up in the mains descending from the initial castellum divisorium at the top point of the city, because water in excess was overflowing into streets drains. The maximum height of water "over the tap" was about 6 m, without accounting for the pressure losses in the delivering pipes ( Figure 10) . Figure 9 Pompeii urban water distribution system: Location of wells, fountains and water towers (Richardson, 1989) Although it has recently been demonstrated that Roman lead pipes could bear more internal pressure than they were used for, the Romans aimed at preventing failures and leakages due to high pressure. Therefore this example of Roman urban water supply system gives some hints on a possible method to reduce internal pressure in water supply mains in a new method for designing water supply systems.
A Roman method to reduce pressure in water supply mains A new type of end-point water supply system, derived from a Roman idea, could be applied to new housing arrangements. It could be based on an in-house or local-area tank, to supply the daily consumption. The mains leading to single apartments could depart from the local tank situated in accessible locations, such as ground or low level floors. Water would reach the customer apartment with the necessary pressure supplied by pumps. The main advantage of it would be that the mains lying in streets, with larger diameters and higher pressures could be untouched. The connections would be concentrated within the tank, and repairs would be easier to perform. It would be guaranteed a disconnection between the variable pressure network in the houses and the high pressure networks in the streets. The number of fittings connecting into the high pressure loops of the streets would decrease dramatically to the minimum necessary for the tanks. A reclaimed water tank could also be accommodated within the potable tank area, when double aqueducts (drinking quality, non-drinking quality) are available.
Discussion and conclusions
Taking the inspiration from the Romans practice, the hypothesis of having an in-building potable water tank connected to many users is considered. Many of the procedures achieving leakage control are based on high pressures controls. Complex devices in use such as pressure reduction valves involve monitoring, maintenance and control plans and some concerns arise about their efficiency on resources uses. On the other hand the use of local water tanks involves evaluation of energy savings, assessment of the maintenance required, modeling of the effects on the water supply networks, consideration of the reliability guaranteed for the water supply and of the health and safety issues related to confinement of water in tanks. Benefits are the simple principles of construction, the robustness of operation and the absence of complex controls. The evaluation of the above mentioned technical aspects and various other issues will support implementation in water supply networks design projects.
